The arterial blood gas chemistry was measured continuously in ten patients during primary cemented total hip replacement in order to define more precisely the patterns of changes in blood gases during various stages of the operation. All ten patients demonstrated significant drops in P a O 2 after femoral cement implantation and nine of the ten after acetabular cement implanation. The mean drop in P a O 2 following acetabular cement expressed as mean ± SD was 18±8 mmHg (16±6%) (P<0.05) and femoral cement application was 25±11 mmHg (23±9%) (P<0.05). For changes in P a O 2 there were corresponding drops in S p O2 in all patients with the femoral cement and in eight patients with the acetabular cement. The mean drop in S p O2 following the application of acetabular and femoral cements respectively were 1.7±1.5% and 3±2.45%. No changes in blood P a O 2 were observed during dislocation of the hip joint or reaming of acetabulum and femur. In vitro studies revealed no effect of the liquid monomer or the cured cement on the performance of the Clark electrode of the sensor. We suggest that significant drops in P a O 2 occur with both acetabular and femoral cement implantation and that the derangements in blood P a O 2 last longer than detected by pulse oximetry following cement implantation.
Total hip replacement is an orthopaedic surgical procedure commonly performed for osteoarthritis or rheumatoid arthritis of the hip joint. During cemented hip replacements, methyl methacrylate is implanted into the acetabulum and the femur for fixation of the prostheses. Several studies have reported the occurrence of circulatory changes characterized by hypotension 1,2 and arterial hypoxaemia [3] [4] [5] following application of cement particularly in the femur. The underlying aetiology is thought to be embolic processes consisting of air 6, 7 , fat [7] [8] [9] or hypersensitivity to cement 10, 11 .
Though detailed studies have been performed to elucidate the physiological changes during cement application, the results on the time course and pattern of arterial blood gas changes are far less conclusive. Results from different trials vary from no significant blood gas changes to profound hypoxaemia. This is partly because of the intermittent nature of blood gas measurements which could potentially miss significant rapid fluctuations in arterial blood gas values and the timing of these samples. Pulse oximetry, which gives a continuous measurement of the arterial oxygen saturation, suffers from a number of inaccuracies 12, 13 and may not be reliable during states of hypotension, which are frequently encountered during cemented total hip replacement. The use of a continuous blood gas monitor would provide continuous blood gas data during anaesthesia and provide valuable information on the trends, magnitude and time course of changes in blood gases. Several trials have been published on the evaluation of these monitors during anaesthesia and in intensive care [14] [15] [16] [17] [18] . There is anecdotal evidence that during states of circulatory failure, a peripheral intravascular sensor provides more reliable information than a pulse oximeter 19 .
One such continuous monitoring system, the Para-trend 7 intravascular blood gas sensor, has been evaluated in clinical trials during anaesthesia and intensive care and found to have an acceptable level of accuracy [20] [21] [22] [23] . This study was undertaken to measure continuously the arterial blood gas chemistry during total hip replacement, in order to define more precisely the patterns of changes in blood gases and the relationship of these changes to various stages of surgery.
MATERIALS AND METHODS
After obtaining Hospital Ethical Committee approval and informed consent, ten consecutive patients scheduled to undergo elective primary total hip replacement were enrolled into the study. The average patient age was 59 years (range 43-78). Patients with atherosclerotic peripheral arterial disease, intermittent claudication, coagulopathy or inability to give informed consent were excluded from the trial.
Anaesthetic technique
All patients in the study received general anaesthesia. Anaesthesia was induced in all patients with a combination of propofol and morphine and muscle relaxation was achieved with vecuronium. Following induction of anaesthesia and intubation of the trachea, a 20-gauge arterial cannula (Arrow Inc, Reading, Pennsylvania) was inserted into the radial artery for uninterrupted monitoring of blood pressure throughout the perioperative period. After the insertion of the arterial cannula, a calibrated Paratrend 7 intravascular sensor was advanced through the 20-gauge cannula into the radial artery to a length of 15 cm. The arterial line was maintained with a continuous heparinized saline flush of 3 ml/h at a concentration of 1 unit/ml. The ECG, arterial oxygen saturation and arterial pressure waveforms were transduced and displayed on a Hewlett Packard monitor (Model number M1275 A). The end-tidal carbon dioxide concentration was measured continuously using a Datex capnograph (Datex Capnomac II, Datex Instrumentation Corporation, Finland). All patients were ventilated using a Manley Blease (MP3) ventilator. The tidal volume was set at 10 ml/kg and the FiO 2 was maintained at 35% unless the oxygen saturation dropped to less than 90%, in which case it was increased accordingly. Anaesthesia was maintained with nitrous oxide and isoflurane.
Intravascular sensor
The Paratrend 7 (P7) intravascular sensor (Bio-medical Sensors Ltd., High Wycombe, U.K., ) is a sterile single use device for the continuous measurement of pH, PCO2, PO2 and temperature. The sensor is approximately 0.50 mm in diameter and consists of four sensing elements: a miniaturized Clark electrode, two optodes for the measurement of pH and PCO 2 and a thermocouple for the determination of temperature. A covalently bonded heparin coating on the external surface of the sensor limits fibrin deposition and thrombus formation. Prior to insertion of the sensor into the patient, it was calibrated with precision gases bubbled in sequence through the tonometer under microprocessor control. The side port allows simultaneous blood pressure monitoring and provides access for sampling of blood through a standard three-way stopcock. Connection between the sensor and the monitor was made with a cable incorporating optical and electrical contacts. The P7 intra-arterial blood gas monitor provides a continuous numerical and graphical display of data after insertion of the sensor. The monitor also incorporates a detachable Patient Data Module, which retains the calibration and the patient data, facilitating transfer of patients with the sensor in situ without loss of patient data.
Surgical technique
The hip replacement operations were carried out with the patient in the supine position using the McFarland lateral approach. The acetabulum and femoral shafts were prepared with Charnley instruments. Palacos cement was used to cement the implant (Schering-Plough Limited, Hertfordshire, U.K.). All the operations were carried out by the same surgeon.
No clinical decisions were made based on the P7 data. Following the operation, the invasive monitoring was discontinued and the patients were transferred to the recovery area where they were monitored as per our standard protocols.
Data collection
The heart rate, blood pressure, FiO 2 , PE8CO 2 and the arterial blood gas data from the Paratrend 7 were collected at one-minute intervals from induction of anaesthesia till transfer to recovery. In order to confirm the accuracy of the Paratrend 7, heparinized blood samples were collected anaerobically at specific time points during anaesthesia (after induction, after dislocation of head of femur and five minutes after insertion of femoral prosthesis) and analysed immediately in a conventional blood gas analyser (IL1312, Cheshire, U.K.). The blood gas samples were analysed at 37°C.
Data analysis
The magnitude of changes in arterial blood gases following cement implantation was calculated as the difference between the value pre-implantation and the lowest value post-implantation. Paired t-tests were used to test the significance of changes in PaO2 values post cement implantation and changes in arterial end-tidal carbon dioxide gradient. Correlation coefficients were calculated to define the relationship between the changes in CO2 gradient and changes in PaO2. The measurements from the P7 and the analyser values were paired to calculate bias and precision 25 . Bias was calculated as the mean of the differences between the P7 and the blood gas analyser and the precision was calculated as the standard deviation of these differences.
Laboratory studies
To confirm that the cement affected the patient's physiology rather than the sensor Clark electrode readings, two calibrated Paratrend 7 sensors were placed into an Adam's tonometer 24 containing 100 ml of buffer solution through which was bubbled 12% oxygen, 3.5% CO2, balance nitrogen. The tonometer was maintained at 37°C by means of a circulating water jacket. After equilibration of the gases in solution, baseline readings from the sensors were recorded. The cement was prepared according to the manufacturers' instructions and 6.2 g was immediately dropped into the tonometer and the sensor readings recorded for the next 15 minutes. The experiments were repeated with the polymethylmethacrylate monomer and the sterile polymer powder.
RESULTS

Demographic data
Ten patients were studied, two males and eight females. Four of these patients were ASA 1 and six were ASA 2. Seven patients underwent right-sided hip replacement while three had left-sided replacement. The mean duration of anaesthesia was 81.8 min (Range 75-94).
Blood gas data
Analysis of the data shows no significant changes in pH a and PaCO2 during the entire procedure. All ten patients demonstrated significant drops in P aO2 after femoral cement implantation and nine of the ten after acetabular cement implantation. Clinically significant hypoxic levels were seen in two patients following acetabular cement implantation and five patients after femoral cement application. The mean (SD) drop in PaO2 following acetabular cement was 18 (8) 
Arterial end-tidal CO 2 gradient
There was an increase in PaCO2-PE'CO2 gradient following application of both acetabular and femoral cement. The mean increase was 1.7 mmHg (28.7%) (P<0.05) and 3.8 mmHg (53.6%) (P<0.05) after acetabular and femoral cement respectively. The correlation coefficients for the relationship between the change in PaCO2-PE8CO2 gradient and the changes in PaO2 values were calculated to be 0.38 and 0.07 for the acetabular and femoral cement respectively.
Time scale of changes
The mean onset time of changes in PaO2 following application of cement were 1.4 min and 1.5 min for the acetabular and femoral components respectively. The mean duration to reach the maximum drop in PaO2 values were 3.7 min and 4.1 min respectively for the acetabular and femoral components. In five patients, there was no recovery of P aO2 values to 90% of baseline following implantation of cement at either site. In the remaining five patients, the mean recovery B. VENKATESH, D. W. PIGOTT ET AL Anaesthesia and Intensive Care, Vol. 24, No. 3, June 1996 times were 4 min and 7 min respectively for the acetabulum and femur. The total duration of changes in PaO2 (onset to recovery) were 6.8 min and 10.6 min respectively. The results are summarized in Table 3 . The mean onset time of changes in SpO2 were 1.1 and 1.3 minutes, the mean duration to the maximum drop were 1.8 and 3 min, the mean duration for recovery to baseline values were 3 and 3.2 min and the total duration of SpO2 changes were 4.6 and 6.2 min respectively for the acetabular and the femoral components. In two patients, there were no recovery to baseline values with respect to the femoral com-CONTINUOUS INTRA-ARTERIAL BLOOD GAS MONITORING Anaesthesia and Intensive Care, Vol. 24, No. 3, June 1996 ponent. The mean PaO2 and SpO2 changes during femoral cement implantation are illustrated in Figure 3 .
The bias and precision of the pH, PCO2 and the PaO2 sensors for the pooled data are presented in Table 4 . An example of the continuous PaO2 measurements throughout the procedure from one patient is illustrated in Figure 4 .
In vitro data
The addition of the curing cement to the solution gave no observable change in sensor readings with the exception of the temperature due to the exothermic nature of the reaction. As the sensor is temperature compensated, the readings appeared stable except for a small perturbation due to the temperature correction software. The addition of the individual components of the cement to the buffer solution did not interfere with the sensor readings.
DISCUSSION
This is the first published study on the use of continuous intra-arterial blood gas monitoring during total hip replacement and comparing it with continuous pulse oximetry. Analysis of the data shows that there were significant drops in arterial P aO2 during both acetabular and femoral cement implantation. In previous studies, drops in PaO2 were observed mainly with femoral cement implantation. The drop in PaO2 following femoral cement was significantly higher than with acetabular cement B. VENKATESH, D. W. PIGOTT ET AL Anaesthesia and Intensive Care, Vol. 24, No. 3, June 1996 
The figures in brackets indicate percentage bias and precision.
(P<0.05). Analysis of the time course of events reveals that the onset of these changes is 1.5 min after cement application, taking an average of 10 minutes before recovery and in 50% of patients there was no recovery to baseline. As the PaO2 sensor has an in vitro response time of 78 sec 20 , it is likely that the application of cement almost certainly has an instantaneous effect on blood PaO2.
Analysis of PaO2 and SpO2 data
The changes in SpO2 parallel the changes in PaO2 as illustrated in Figure 3 . However, there are significant differences between the two in the pattern of these changes. Pulse oximetry did not detect the drop in PaO2 levels in one of the ten patients with the acetabular cement. This patient had a baseline PaO2 of 89 and it dropped to 77 mmHg. This was not detected as hypoxaemia on pulse oximetry. Though there were no significant differences in onset times between PaO2 monitor and the SpO2 monitor, the SpO2 levels returned to normal earlier than PaO2. This could be because of hyperventilation during intermittent positive pressure ventilation, inducing a left-sided shift of the oxygen dissociation curve and therefore a higher level of saturation even at relatively low levels of P aO2. Though the SpO2 monitor followed the trend of the PaO2 values most of the time, the magnitude of the changes in arterial oxygenation was not easily appreciated by merely monitoring the SpO 2 values.
Anecdotal evidence of the usefulness of PaO2 as compared with SpO2 was presented in a recently published case report 19 . The results from this study provide further evidence that PaO2 is a more sensitive monitor of arterial oxygenation than SpO2. The reason for this can be related to the sigmoid nature of the oxygen dissociation curve. Under conditions of normal pH, PCO2 and temperature, haemoglobin is 50% saturated at a PaO2 value of 27 mmHg (P50). Around the P50, saturation changes considerably for small changes in PaO2 such that haemoglobin is 75% saturated at the PO2 of 40 mmHg and 90% saturated at the PO2 value of 55 mmHg. Beyond this level, CONTINUOUS INTRA-ARTERIAL BLOOD GAS MONITORING Anaesthesia and Intensive Care, Vol. 24, No. 3, June 1996 increases in PaO2 are accompanied by small increases in saturation, which is 100% at PaO2 of 100 mmHg. Therefore at hyperoxic levels, at normal P50, drops in PaO2 do not manifest as changes in saturation. In the physiological range of PaO2 measurements, SpO2 is sensitive, but below an SpO 2 of 75%, the measurement of SpO 2 by pulse oximetry ceases to be reliable. In addition, the measurement of SpO 2 is affected by a number of variables which have been described in detail 12, 13 . The clinical significance of the above is that a continuous measurement of PaO2 might provide an earlier warning of adverse changes in arterial oxygenation than a pulse oximeter, especially in critically ill patients, and therefore facilitate therapeutic intervention before a deleterious event has occurred. The accuracy of the PaO2 sensor used in the study is borne out by the good degree of correlation between the sensor and the blood gas analyser. The individual patient data and the overall data for bias and precision suggest a clinically acceptable level of accuracy.
There was no evidence of changes in blood pH induced by the cement.
Previous studies have documented elevated blood levels of cement monomer following cement insertion 26 . The laboratory work carried out to investigate the possibility of interference by the cement monomer on the Clark electrode has shown no effect of the cured cement or its individual components on the performance of the sensor, except for a small temperature rise. Because of the difference in proximity of the sensor and cement in vivo compared to the in vitro situation, no such excursions were observed in vivo. Furthermore, the curing cement itself is not acting as an oxygen sink.
Fat, air and cement emboli have been implicated as the causative factors for the circulatory and pulmonary changes seen during cemented total hip replacement, and in a recently published study comparing cemented and uncemented total hip replacements, only patients in the former group manifested all the physiological changes. Embolic processes have been documented during all phases of cemented hip replacement; hip dislocation 27, 28 , reaming of acetabulum and femur and relocation of the hip: however, the continuous PaO2 monitoring did not reveal any evidence of derangement in blood gas status during these periods in this study. This would suggest that these processes were not accompanied by significant embolization.
The manufacturers list hypotension as the main adverse effect of the cement. Though pulmonary embolism is listed as a potential adverse effect, no mention is made of changes in blood PaO2.
There was a significant increase in Pa-PE'CO2 gradient following cement implantation though no apparent relationship to changes in PaO2 were observed. This is in keeping with the pulmonary and circulatory changes following implantation of cement 1-6 . However, no relationship could be identified between the change in P a -PE'CO 2 gradient and the magnitude of changes in P aO2 .
All patients in the trial made an uneventful recovery. The study was carried out under controlled conditions where fit patients (ASA 1 and 2) were chosen. All patients were operated upon in the supine position. In patients with diminished respiratory reserve, the effect of the cement could be more profound and long-lasting. When the operation is carried out in the lateral position, more significant changes in P aO2 might be observed.
In conclusion, we suggest that serious drops in P aO2 can occur with both acetabular and femoral cement implantation. The derangement in blood PaO2 lasts longer than detected by pulse oximetry following cement implantation. No derangement in blood gas status was observed during the preparatory phase prior to cement insertion. The use of continuous blood gas measurement would be a valuable monitoring tool in the anaesthesia of high risk patients for cemented hip replacement.
